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The paper presents the design of pressure sensor with a frequency output signal that is based on the physical
processes in a resonant tunnel diode under the action of pressure. The use of devices with negative differential
resistance can significantly simplify the design of pressure sensors in the entire radio frequency range. Depending
on the operating modes of the sensor, an output signal can be obtained in the form of harmonic oscillations. Pressure
sensor characteristics researches based on complete equivalent circuit diagram resonant tunnel diode, which takes
into account its capacitive and inductive properties. A mathematical model of the pressure sensor was developed,
upon which the analytical dependences of the change in the elements tunnel resonance diode from pressure have
been determined, as well as conversion functions and sensor sensitivity. It is shown that the main contribution to
changes in the conversion function and sensor sensitivity is made by the change in the negative differential
resistance with the change in pressure. This, in turn, results in different readings of the instrument's output
frequency. The sensitivity of the sensor varied from 1.15 kHz/Pa-10° to 14.16 kHz/Pa-10° in the pressure range

from 50-10° Pa up to 350-10° Pa.
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Introduction

The creation and development of molecular beam
epitaxial technology served as the basis for the creation of
new nanoelectronic devices based on quantum
heterostructures. Tunneling resonant diodes are one of
such devices. They have microwave properties and
negative differential resistance. These properties of
tunneling resonant diodes are used to construct various
sensors of physical quantities, in particular, pressure
sensors [1-3]. It leads to the possibility of building an
autogenerating device, in which a semiconductor diode
simultaneously acts as a primary pressure sensor. This
greatly simplifies the sensor design. Depending on the
operating modes, it is possible to implement sensors with
both output sinusoidal oscillations and impulse
oscillations of a special shape in the entire range of radio
frequencies.

The frequency principle of operation of pressure
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sensors has several advantages: high measurement
accuracy; high noise immunity; the simplicity of design;
no influence of measuring channels on each other; the
ability to transmit measurement information over a
distance without wired communication; no need to use
analog-to-digital converters during the subsequent
processing of information signals; the ability to create
“intelligent” pressure sensors. These advantages are good
reason to carry out extensive studies of the properties of
tunneling resonant diodes not only as pressure sensors, but
also as generators, switches, logic elements, resonant
amplifiers, memory devices, and others [4-6]. However,
regarding pressure sensors based on resonant tunnel
diodes, a mathematical model that describes the analytical
dependences of all elements of the equivalent circuit on
pressure has not yet been fully developed. These
dependencies, in turn, determine the relationship between
the output frequency and sensor pressure sensitivity [7-9].
This work is devoted to the solving of these problems.
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I. Materials and Methods

The mathematical model of a pressure sensor is built
regarding the physical phenomena in the diode. The
operation of resonant tunnel diodes is based on quantum
effects. The essence of the effects is the quantization of
the energy of electrons and their tunneling through
potential barriers.

Research of pressure sensors based on resonant
tunneling diodes requires knowledge of physical
processes, the structure of the diode, a mathematical
model of the current-voltage characteristic, generators, as
well as operating modes. Therefore, it is necessary to first
consider these questions. Theoretical and experimental
studies of tunneling-resonant diodes begin with the
development of a mathematical model of the current-
voltage characteristic that proceeds from the physical
processes of electron tunneling through potential barriers.

Let us consider a typical quantum structure of AlAs-
GaAs-AlAs, physical processes during the perpendicular
motion of electrons through potential barriers, and a
quantum well based on the energy diagrams of the
conduction and valence bands of a resonant tunnel diode
at different values of the applied voltage. Potential barriers
and the quantum well between them are formed at the
expense of different values of widths of the forbidden
zones for semiconductive GaAs and AlAs connections
which results in the breaking of energy levels of the
bottom of the conductive band and the top of the valence
zone [7, 11-13]. The application of an external voltage to
the emitter-collector electrodes of a quantum
heterostructure leads to a change in the magnitude of
electrons tunneling through potential barriers and the
quantum well, which causes the change in the magnitude
of the current through the structure.

h? h? w2 h?
E(Ky, Ky =5— (K2 + K}) + Ep = 2—m*(1<,§ +K?2) + s——an? n=(12.),

and it is equal to the energy of the magnetic field,
therefore:
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where L - inductance of the equivalent circuit of the
resonant tunnel diode, i —the diode current. From formula
(2) it possible to determine the inductance value:
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On the other hand, the energy of electrons in the
quantum well is equal to the energy of the electric field:
n2h?n? _ cu?
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where U — voltage applied to the resonant tunnel diode.
From expression (4) the capacitance can be obtained:
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I1. Pressure sensor mathematical model

Let's move on to considering the reactive elements of
the resonant tunnel diode, based on its equivalent circuit
[11]. Reactive elements include the capacitance and
inductance of the device. In Figure 1 is shown the
equivalent circuit of a resonant tunnel diode.

R
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_Rg
Z input =C
inpu L
o

Fig. 1. Equivalent resonant tunnel diode circuit: R —
resistance to losses; R, negative.

The inductance of a resonant tunnel diode is related to
the final speed of moving electrons and it always exists in
the diode under any conditions. This is because the voltage
at the emitter, which causes electrons to move through the
device, is ahead of the current, i.e. the current always lags
behind the voltage, which is equivalent to the inductive
response of a resonant tunnel diode. Based on the physical
laws of quantum mechanics, we calculate the inductance
formula. The energy of electrons in a quantum well, on the
one hand, is determined by the second component in
formula [8]:

M

It is possible to check the validity of formulas (3) and
(5) if the equivalent capacitance and inductance are
calculated from the input impedance of the equivalent
circuit (Fig. 1). Thus, the value of the capacitance of the
resonant tunnel diode has the form:

L
272, p2
ouL+Rg

C= (6)

Capacitance calculations C , according to formula (6) on
the applied voltage are shown in Fig. 2.

As can be seen, the capacitance value is constant in
the voltage range from zero to 0.3 V. In the section from
0.3 V10 0.6 V, it comes almost linearly, and then after the
voltage of 0.6 V up to 0.9 V it increases. This behavior of
capacitance on voltage is explained by the change in the
negative differential resistance in the descending section
of the current-voltage characteristic.
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Fig. 2. Dependence of the inside capacitance of the

resonant tunnel diode on the applied voltage.

Comparison of the capacitance value calculated
according to the formula (5) and (6) at the applied voltage
value of 0.4 V coincides with the accuracy of the second
digit, that is, with the accuracy of 0.01 %.

The inductance value L of resonant tunnel diode is
determined based on the expression:

()

Figure 3 shows the inductance calculations by
formula (7).
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Fig. 3. Dependence of the inside inductance of the

resonant tunnel diode on the applied voltage.

The change in the value of inductance from the
applied voltage is also explained by its dependence on the
change in the negative differential resistance on the
descending section of the current-voltage characteristic.
Comparison of the inductance value, which is calculated
according to formulas (3) and (7), coincides with the
accuracy of 0.01 % at a point with a voltage of 0.4 V.
Therefore, resonant tunneling diodes can be used as
adjustable capacitive and inductive elements in the
terahertz frequency range, and their Q-factor can be

279

adjusted due to a negative differential resistance in the
intervals of 100 and higher.

The change in differential resistance across the entire
scale of applied voltages is shown in Figure 4. The
negative differential resistance is determined by the
voltage range from 0.3 V to 0.6 V. Its value varies from
80 Q to 550 Q. Such a change in the differential resistance
from the applied voltage is explained by the course of the
current-voltage characteristic of the diode.
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Fig. 4. Dependence of the differential resistance of the

resonant tunnel diode on the applied voltage.

Figure 5 presents the dependence of the change in the
natural resonant frequency of the resonant tunnel diode on
the applied voltage. As can be seen from figure 5 with an
increase in the supply voltage of the diode, the frequency
increases, in the section from 0.05 V to 0.2 V it stabilizes
somewhat, and with the further increase in voltage it
approaches the maximum value, and in the section from
0.3 V to 0.6 V, where there is a negative differential
resistance, it drops sharply from 510 Hz to 3.3-10* Hz.

F x10" Hz
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L=1.231011 4
c=1.1510"4, F

0.2 03 04 05 0.8 0.9

U,V
Fig. 5. Dependence of the own resonant frequency of the
resonant tunnel diode on the change in the supply
voltage.

0 0.1

This behavior of the natural resonant frequency of the
diode is explained by the mutual influence of the
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differential negative resistance, capacitance, and
inductance on the frequency due to their change from the
supply voltage.

Data for the theoretical calculation of the parameters
of the elements of the equivalent circuit for the real
structure of the resonant tunnel diode: the spatial layer of
n*GaAs emitter — 7.6 nm, potential barrier on the side of
the emitter AIAs — 5 nm, quantum well GaAs — 6 nm,
potential barrier on the side of the AlAs collector — 5 nm,
spatial layer n*GaAs collector — 5 nm, structure area —
25 um? [7].

Let's move on to considering the characteristics of the
pressure sensor. The electrical circuit of the pressure
sensor is shown in Figure 6. The circuit is powered by a
constant voltage source U, ; it consists of an active

resistance R, which includes all the ohmic resistances of
the circuit, external inductance L, which is serially
connected to the internal inductance of the diode, and also
includes the inductance of the circuit terminals, the
external capacitance C, which is connected in parallel to
the internal capacitance of the diode, as well as the
resonant tunnel diode itself.

An equivalent sensor circuit for calculating its
characteristics is shown in Figure 7.

R

Fig. 6. The electrical circuit of a pressure sensor based on
a resonant tunnel diode.
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Fig. 7. Equivalent circuit of a pressure sensor with an
internal current source 1 (U) .

The current source I1(U) at the operating point of the

sensor on the falling section of the current-voltage
characteristic determines the ratio U/I1(U), which

corresponds to the negative differential resistance - R,
therefore, in what follows in the equivalent circuit (Fig. 7)
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is replaced by R, .

Consider the effect of pressure on characteristics of
resonant tunnel diode. It should be noted that there are two
pressure ranges that determine the nature of changes in the
parameters of semiconductor devices. These are high
pressures, at which the change in the band gap E, > kT,

and low pressures, when E, <KT , where KT is thermal

energy. At high pressures, there is a splitting of energy
bands, a redistribution between the extrema of charge
carriers. In this case, the main factor that changes the
parameters of the resonant tunnel diode is the deformation
change in the band gap. If the pressures are small, then the
changes in the current shift occur due to changes in the
effective masses and mobility of the charge of current
carriers from pressure variations. The authors [2, 13, 15]
show that the current-voltage characteristics of double-
barrier resonant tunneling devices can be modified by
internal polarization fields due to the piezoelectric effect
caused by external uniaxial voltages. Electric polarization
fields perpendicular to the interfaces arise in diodes grown
on substrates with the <001> orientation at uniaxial
compressive voltages parallel to the <111> crystal
orientation [16, 17]. The voltages at which the peaks of the
resonant tunneling current arise are sensitive to
polarization fields caused by external pressures. The peak
voltage can shift towards more positive or negative
voltages depending on the direction of the applied
pressures [16]. Under the action of external pressure on
the diode, both the effective mass of electrons change and
the generation of piezoelectric fields in the quantum well
and potential barriers of the diode structure [2, 13].
Hydrostatic pressures cause a change in the effective mass
of electrons in the quantum well. This leads to the change
in the arrangement of energy levels in the quantum well.
Application of uniaxial or biaxial pressures to the diode
leads to a stronger change in the energies of electrons than
the change of their effective masses at the expense of the
influence of piezoelectric fields [2, 17]. The change in the
energy of the electrons of the diode under the action of
pressure changes the form of the current-voltage
characteristic. This, in turn, leads to the change of the
frequency of electrical oscillations in the pressure sensor
[14].

Based on the equivalent circuit of the pressure sensor
(Fig. 7), we calculate the changes in its parameters from
pressure.

All parameters of the resonant tunnel diode sensor
depend on the pressure. Their contribution to the change
in the current-voltage characteristic of the sensor is
different. Based on analytical formulas for ohmic
resistance R, inductance L, capacity C, and differential
negative resistance R, let us determine their change from

the applied pressure.
Resistance R consists of terminals resistances, ohmic
contacts, and substrate spreading resistance

R="/rq, ®)

where p is semiconductor resistivity, d is the diameter of

the diode area. The internal capacitance of diode C and
inductance L are determined by expressions (3) and (5).
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The negative differential resistance at the operating
point of the diode has the form:

. ©)

where U, | are voltage and current at the operating point
of the current-voltage characteristic of the sensor.

Proceed from general mathematical considerations,
changes in sensor parameters from pressure can be
represented in the following form:

AR(P) = S2Ad(P) + z—iAp(P) (10)
ac ac
+22AU(P) + 2 An(P) (11)
oL oL
+ 2 AI(P) + 2= An(P) (12)
AR,(P) = — ("%AI(P) + aaiUgAU(P)) (13)

After making the necessary transformations in the
formulas (10) — (13), we get:

=1 _r .1
AR(P) = 38p(P) £ - Ad(P) 14)
2,2 2,2
AC(P) = —WATH*(P) —*—3UzAa(P) -
S BU(P) + ) (15)
2,2 2,2
AL(P) = —WATH*(P) —WAa(P) -
— T AI(P) + leAn(P) (16)
AR,(P) = I%AI(P) - %AU(P) 17)

Analysis of formulas (14) — (17) shows that the
pressure change has the greatest influence on the
differential negative resistance. As the calculations
showed the change of inter capacitance has the value
0.1510% F, the inductance 0.13:10* H and a negative
differential resistance 12.3 Ohm from the pressure action
in researched range. The values of change in an inter
capacitance and inductance were on five — seven orders
less than an external capacitance (0.37:10° F) and
inductance (0.3:10"* H) that is way they do not influence
on the frequency of autogenerator pressure sensor. The
negative differential resistance compensates losses the
energy in a resonant circuit that is way its change causes
of shift in frequency. The change of the zone parameters
of structure determines experimental means by the change
of volt-ampere and frequency characteristics of sensor
when pressure acts on sensor.

The resonant frequency of the pressure sensor
oscillator is determined based on the formula for the input
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impedance of the circuit (Fig. 7). The impedance formula

is:
RgL R 1
LmtR+%—£@f§)
RZ + (wl — =)
Foe

(18)

In resonance mode, the imaginary component of
expression (18) is equal to zero:

e o)
2= (19)
RZ + (wL - ﬁ)

From equation (19) the resonant frequency can be
determined, which is described by the expression:

1 (1 RiP)
fres=; I ng (20)
In formula (20) only the differential negative

resistance depends on the pressure. However, the intrinsic
capacitance and inductance of a tunneling resonant diode
also depend on pressure. The change in their values is five
orders of magnitude smaller concerning the external
values of the capacitance and inductance of the oscillatory
circuit of the autogenerator of the pressure sensor,
therefore, their influence is neglected.

The plot of the calculated dependence of the change
in the resonance frequency on pressure is shown in Figure
8. This graph is the conversion function of the pressure
sensor.

The sensitivity of the pressure sensor is determined by
the first derivative of the conversion function (20)
concerning pressure, i.e. equal to the ratio kHz/Pa. Figure
9 presents the calculated dependence of the sensor
sensitivity function on the applied pressure. Its analytical
expression is complicated and can be described by the
following equation:

Ry (25%)

(21)
1 REP)

2
Lt e 12

The sensor design consists of a membrane that is
etched into a silicon substrate. A resonant tunnel diode is
built on the membrane. Solid state capacitance, inductance
and resistor are created on the substrate next to the
membrane. The resistor provides DC power to the sensor.
The diaphragm thickness determines the measured
pressure range.
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Fig. 8. The calculated dependence of the change in the
resonant frequency on pressure.
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As can be seen from the graph (Fig. 9), the sensitivity
value varies from 1.15 kHz/Pa-10° to 14.16 kHz/Pa-10° in
the pressure range from 50-10° Pa to 350-10° Pa. The
complicated nature of the behavior of the sensitivity
function on pressure is explained by the complicated
dependence of the sensor conversion function on the
changed negative differential resistance under the
influence of pressure.

S, kHz/Pa x10°
10.04
5.04
; P, Pa x10°
5 100 150 200 250 300 350
-5.04

Fig. 9. The calculated dependence of sensor sensitivity on
pressure.

I11. Discussion

Based on the consideration of physical processes in a
resonant tunnel diode under pressure, the authors
proposed to design pressure sensors with a frequency
output signal. The use of devices with negative differential
resistance can significantly simplify the design of pressure
sensors in the entire radio frequency range. Depending on
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the operating modes of the sensor, an output signal can be
obtained both in the form of harmonic oscillations and in
the form of impulse oscillations.

Pressure sensor performance studies are based on a
full resonant tunnel diode equivalent circuit that takes into
account its capacitive and inductive properties. The
current-voltage characteristic of the sensor has a falling
section, which corresponds to the appearance of a negative
differential resistance in this section. The falling section
arises due to a decrease in the current that passes through
the double-barrier quantum heterostructure. This occurs
due to a decrease in the transparency coefficient of
potential barriers due to an increase in the electron energy
in comparison with the energy resonance level in the
quantum well.

A mathematical model of the pressure sensor was
developed, based on which the analytical dependences of
the change in the elements of the resonant tunnel diode on
pressure, as well as the conversion function and sensor
sensitivity, were determined. It is shown that the main
contribution to changes in the conversion function and
sensor sensitivity is made by the change in negative
differential resistance with pressure change. The
frequency principle of operation of pressure sensors
makes it possible to increase the measurement accuracy,
noise immunity, increase the amplitude of the output
signal, and also allows the transmission of an informative
signal over long distances, the possibility of creating
"intelligent™ pressure sensors.

Let us consider possible ways of using the
investigated pressure sensors in various fields of science
and industry. One of the key modern manufacturing
challenges is the integration of sophisticated electronic
and optoelectronic functions into soft and thin fibers [18].
Multifunctional fiber optic devices will be in the base of
development of smart tissues, surgical sensors and
instruments, robotics and prostheses, communications
systems and portable energy collectors. It is obvious that
in optoelectronic surgical sensors and protheses,
communication systems, microelectronic pressure sensors
with a frequency output will be needed.

Another area of application for pressure sensors is
self-propelled nanomotors (MNM) for use in biomedicine
[19]. By combining the sizes of nanomotors with the
nanosize of the pressure sensor, it is possible to solve the
issues of navigation and pressure measurement during the
autonomous movement of the nanomotor.

Some more area of application of the pressure
microsensor is its possible combination with micro- and
nano-sized metal glasses to create an implantable fiber-
optic probe [20].

Conclusions

A mathematical model of the pressure sensor was
developed, based on which the analytical dependences of
the conversion function and sensitivity were determined.
It is shown that the main contribution to the conversion
function is made by the change in the electron energy in
the quantum heterostructure of the tunnel resonance diode
under the action of pressure. This changes the negative
differential resistance, which in turn changes the output
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frequency of the pressure sensor. The sensitivity of the
pressure sensor varies from 1.15 kHz/Pa-10° to
14.16 kHz/Pa-10° in the range of pressure changes from
50-10° Pa to 350-10° Pa. The output frequency was varied
from 1.48 MHz to 1.52 MHz.

Based on the equivalent circuit of the pressure sensor
analytical expressions for the change in all circuit
parameters from pressure have been determined. It is
shown that pressure sensors with frequency output based
on tunnel resonance diodes have significant advantages
over analog sensors. Their advantages are the ability to
work in the ultra-high frequency range, the pressure
measurement accuracy, wireless transmission of measured
information over a distance, increasing the
microminiaturization of the sensor right up to nanosize,
and the simplicity of the sensor design.

Considering the physical processes in a resonant
tunnel diode, analytical formulas for inside capacitance
and inside inductance have been determined which depend
on the mode of its operation. Proceed from these formulas,
their dependences on the mode of power supply with
constant voltage have been calculated. It is shown that
inside capacitance of the diode varies from 1.99-10 F to

1.97-10 F on the descending section of the volt-ampere
characteristic, and the change of inductance lies in the
range from 0,5-10H up to 2.75 -1011H.

The analytical dependence of the own resonant
frequency of the diode on the modes of its operation is
determined. It is shown that the own resonant frequency
changes in the area of negative differential resistance from
4.8-10' Hz to 3.28 -10'* Hz. This is due to the cumulative
effects of changes in capacitance, inductance, and
negative differential resistance. Resonant tunneling diodes
can be used as adjustable capacitive and inductive
elements in the terahertz frequency range, and their
Q-factor can be adjusted due to negative differential
resistance in the intervals from 100 and higher.
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MaremMaTH4Ha MOJEJIb YACTOTHOI'O MEPETBOPIOBAYA THCKY HA OCHOBI
PE30HAHCHO - TYHEJBbHOI0 JioAa

Binnuyokuil nayionanoHuil mexniunutl ynieepcumem, m. Binnuys, Yxpaina, osadchuk.av69@gmail.com

Y po06oTi mpeAcTaBIeHO MEPETBOPIOBAY THCKY 3 YACTOTHHM BHXiJIHHUM CHTHAJIOM, IO 0a3yeThes Ha Qi3HIHAX
mporecax y pe30HAHCHO-TYHENBHOMY [iOAi IMiJ Mi€f0 THUCKY. BUKOpUCTaHHA MpWIafiB 3 BiJ €MHUM
Ju(epeHIliaTbHIM — OIIOPOM  JI03BOJISIE  3HAYHO CIIPOCTHTH KOHCTPYKIIIO CEHCOPIB THCKY Y BCHOMY
panioyacToTHOMY Jiana3oHi. 3aleXHO BiJ PeXXHUMIB pOOOTH CeHCOpa BUXIAHMH CHTHANI MOXKe OyTH OTpHMaHUH y
BUIUISAAI TapMOHIMHUX KoJMBaHb. J[OCHIZKEHHS XapaKTEpPUCTHK CEHCOpa TUCKY Oa3yeTbcs Ha IOBHIH
EKBIBaJICHTHIIl CXeMi pe30HaHCHOTO TYHEIBHOTO JAioJa, [0 BPaXOBY€e HOTO €MHICHI Ta iHIYKTHBHI BIACTHBOCTI.
Po3po0ieH0 MaTeMaTH4Hy MOJENbh CEHCOpa THUCKY, Ha OCHOBI SIKOi BU3HAYCHO AHATITHYHI 3aJCKHOCTI 3MIHH
€JIEMEHTIB TYHEJIFHO-PE30HAaHCHOTO Mi0oJa BiJl THCKY, a TaKOXX ()yHKIIi MEepeTBOPEHHs Ta YyTJIMBICTH CEHCOpa.
[lokazaHo, 1m0 OCHOBHHMH BHECOK y 3MiHM (YHKLIi MEPEeTBOPEHHS Ta YyTIUBOCTI CEHCOpa BHOCHTH 3MiHa
Bi’€MHOTO IM(EpEHIIATFHOTO OMopy 31 3MiHOIO THCKY. Lle, y cBoro depry, MpHBOAWUTH A0 Pi3HUX 3HAYCHb
BMXiJHOI yacToTu mpuiagy. UyTnuBicTh ceHcopa 3MiHioBanacss Bin 1,15 k['w/TTa-10° go 14,16 xI'u/Ta-10° B
nianasoni Tucky Big 50-10° Ila mo 350-10° Ia.

KiwuoBi cioBa: pe3oHAaHCHUI TyHENbHHH MiOM; THUCK; BiX’ €eMHHI audepeHIialbHHi OMip; YacToTa;
KBaHTOBA FeTEPOCTPYKTypa 3 NOABIITHUM Oap'epom.
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